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MRODYNAMCC INVESTIGATION OF A U R G E  

WINGED VERTICAL-TAKE-OFF REUSABLF: ORBITAL LAUNCH VEHICLE 

AT MACH 0.4 TO 2.1* 

By P. Kenneth Pierpont 
Langley Research Center 

SUMMARY 

Several configurations of a winged f i r s t - s t a g e  reusable booster have been 
investigated t o  determine e f fec ts  of various components on the  drag and stabil- 
i t y  cha rac t e r i s t i c s .  Effects of forebody shape, base f l a r e  shape, simulated 
rocket engines and shrouds, and an a r b i t r a r y  afterbody f a i r ing  were investigated 
on a fineness-ratio-4 body t o  provide a bas i s  f o r  evaluating drag character is-  
t i c s  and t o  ind ica te  methods f o r  improvement. The reusable vehicle consisted 
of t h e  body with appropriate components and a n  a t tachable  recovery package, 
which w a s  const i tuted of t h e  wing, v e r t i c a l  t a i l s ,  necessary wing-body fairing 
and flyback propulsion-system nacelles.  Two w i n g  planforms were employed - a 
3 5 O  clipped d e l t a  and a 650 swept t rapezoidalwing - f o r  which t h e  wing area, 
aspect ra t io ,  t ape r  ra t io ,  and a i r f o i l  sect ion were ident ica l .  Effects  on both 
longi tudinal  and la te ra l -d i rec t iona l  aerodynamic charac te r i s t ics  of t he  various 
components, as w e l l  as some modifications, were evaluated. The invest igat ion 
was conducted l a rge ly  i n  the  Langley 8-foot transonic pressure tunnel  a t  Mach 
numbers from 0.4 t o  1.2 over an angle-of-attack range at Oo and 5' s ides l ip .  
Selected configurations were t e s t e d  at  moderate supersonic speeds i n  the  
Langley Unitary Plan wind tunnel at Mach numbers from 1.6 t o  2.1. 
numbers var ied from 2 x 106 t o  4 x 106. 

Test Reynolds 

The r e s u l t s  indicated t h a t  t he  drag of a low-fineness-ratio body, whose 
base i s  d i s t o r t e d  by t h e  presence of conical rocket-engine shrouding, i s  exces- 
sive; however, shroud and body shaping demonstrated t h a t  s ign i f icant  base-drag 
reduction could be achieved. 
shor tes t  nose consis tent  with low subsonic drag and s t a b i l i t y .  Employment of 
highly swept trapezoidal-wing planforms w i l l  be required t o  obtain pos i t ive  
longi tudina l  s t a b i l i t y  f o r  reusable boosters having centers of gravi ty  c lose 
t o  t h e  rear of t h e  body. Large wing-tip-mounted v e r t i c a l  tai ls  are required 
t o  provide adequate d i rec t iona l  s t a b i l i t y .  
reusable boosters  of t h e  type considered of greater  than 6.0 can be obtained 
and some f u r t h e r  s m a l l  increases appear t o  be possible.  

A hemispherical forebody was shown t o  be t h e  

Maximum l i f t -d rag  r a t i o s  f o r  

* 
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INTRODUCTION 

Early evaluations of winged reusable o r b i t a l  launch vehicle systems were 
based la rge ly  on possible economic advantages of reusable compared with expend- 
able  systems.. However, t he  rapid growth i n  mission r e l i a b i l i t y  and safety, 
potent ia l ly  obtainable through reuse, are currently considered of grea te r  
importance than economic f ac to r s  alone. 
t i ons  which a r e  a t  present indeterminant t o  show signif icant  advantage over 
expendable vehicles. 
missions as w e l l  as f o r  those i n  which supply and timing may be c r i t i c a l .  
improvements i n  these f ac to r s  due t o  reuse may be expected t o  accrue product 
improvement as a r e s u l t  of pos t f l igh t  inspection, redesign, and rework where 
required. 

The l a t t e r  generally require assump- 

Rel iab i l i ty  and safety a r e  of special  i n t e r e s t  f o r  manned 
The 

The adequate development of winged reusable o r b i t a l  launch-vehicle systems 
w i l l  involve consideration of aerodynamic efficiency, s t a b i l i t y ,  and control 
over a wider range of the aerodynamic spectrum than heretofore investigated f o r  
wing-body arrangements and proportions which a r e  appreciably d i f fe ren t  than 
those previously considered. Furthermore, t he  two fundamentally d i f fe ren t  
launch modes, which consist of v e r t i c a l  and horizontal  take-off, impose s ignif-  
i can t ly  diverse c r i t e r i a  on t h e  individual stages of t he  o r b i t a l  launch vehicle 
The Langley Research Center has therefore  i n i t i a t e d  a program t o  ascer ta in  t h e  
nature and magnitude of t he  aerodynamic problems associated with both horizonta 
and vertical-take-off launch-vehicle systems with fixed w i n g s  on at  least the  
f i r s t  stage.  Results of investigations of i n i t i a l  concepts of vehicles repre- 
senting both types and which employed large-fineness-ratio propellant tankage, 
charac te r i s t ic  of early rocket launch vehicle technology, have been reported 
i n  references 1 t o  4 .  

Two f ac to r s  have contributed t o  a major change i n  design philosophy f o r  
propellant tankage f o r  v e r t i c a l l y  launched vehicles and which now r e s u l t  i n  the 
employment of low-fineness-ratio propellant tankage. These are t h e  s t r u c t u r a l  
weight penal t ies  associated with high-fineness-ratio stages with t h e i r  accompa- 
nying l a r g e  t ransverse bending moments, together with t h e  s t r u c t u r a l l y  adverse 
e f f ec t s  resul t ing from t h e  dynamic behavior of long slender bodies. Therefore, 
designs f o r  most advanced l iquid-propellant vertical-launch vehicles tend t o  
employ stage fineness r a t i o s  of about 4 or l e s s .  Wing-body configurations f o r  
winged reusable launch vehicle stages of t h i s  type therefore  assume proportion: 
not heretofore considered i n  aerodynamic invest igat ions of conventional air- 
c raf t .  
become small and would therefore  be  expected t o  contribute t o  adverse longi- 
tudinal  and l a t e r a l  s t a b i l i t y  charac te r i s t ics .  I n  addition, t he  l a r g e r  body 
base, generally associated w i t h  low-fineness-ratio bodies, may be expected t o  
cause increased degradation of t h e  l i f t - d r a g  charac te r i s t ics  during t h e  
recovery-flight mode because of t h e  body base pressures.  
masses associated with the  rocket engines and t h r u s t  s t ruc ture  w i l l  r e s u l t  i n  
center-of-gravity locations during t h e  return f l i g h t  and landing which are c l0  
t o  the rear end of t he  body. A b i l i t y  t o  achieve wing-body designs which posse 
adequate longitudinal and d i r e c t i o n a l  s t a b i l i t y  margins may consequently prove 
t o  be d i f f i c u l t .  

For example, the r a t i o  of t h e  w i n g  span t o  body diameter tends t o  

Finally, t he  la rge  

2 t *,- 
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The purpose of t h e  present investigation therefore  w a s  t o  examine t h e  
longitudinal and la te ra l -d i rec t iona l  s t a b i l i t y  together with aerodynamic eff i -  
ciency charac te r i s t ics  of wing-body-tail configurations which might be repre- 
sentat ive of advanced concepts of l iqu id  rocket-propelled vertical-take-off 
winged reusable o r b i t a l  launch vehicles. The present investigation was l imited 
t o  ascertaining the  aerodynamic character is t ics  of t h e  first stage, and primary 
emphasis w a s  placed on t h e  subsonic f l i g h t  mode f o r  t he  recovery and return 
f l i g h t  (flyback) portion of t h e  mission. 
engine shrouding a t  t h e  base, and afterbody shape on t h e  drag charac te r i s t ics  
of t he  basic  body were examined. These coupled with some e f f ec t s  of wing plan- 
form geometry, v e r t i c a l - t a i l  arrangement, and flyback engine provision were then 
examined t o  ascer ta in  t h e  basic  aerodynamic character is t ics  of a complete reus- 
able  f i r s t  stage and t o  indicate the  primary problems requiring addi t ional  
research. 

Some of t h e  e f f ec t s  of forebody shape, 

The invest igat ion w a s  conducted la rge ly  i n  t h e  Langley 8-foot transonic 
pressure tunnel; however, selected configurations were a l s o  t e s t e d  i n  the 
Langley Unitary Plan wind tunnel. The Mach number ranges were from 0.4 t o  1 . 2  
and 1.6 t o  2.1, respectively. 
charac te r i s t ics  were obtained over an angle-of-attack range a t  Oo and 50 side- 
s l i p .  Reynolds number based on t h e  length of t h e  body varied from about 

Data t o  derive longitudinal and l a t e r a l  s t a b i l i t y  

2 x 106 t o  4 x 106. 

SYMBOLS 

The aerodynamic data have been reduced t o  standard coefficient form. 
Body-alone and a l l  la te ra l -d i rec t iona l  data have been referred t o  the  body axes 
whereas longitudinal data  f o r  the wing-body configurations have been referred 
t o  the  s t a b i l i t y  axes. 
1.25 body diameters forward of t he  body reference s ta t ion,  which i s  the model 
base. 
diameter . 

The moment reference for a l l  data w a s  selected t o  be 

All coeff ic ients  have been referred t o  the  body base area and body 

CN 

C A 

CL 

Normal force 
%Sref 

normal-force coefficient,  

Total ax ia l  force 
G s r e f  

axial-force coefficient,  

L i f t  
%'ref 

l i f t  coefficient,  

drag coefficient,  Total drag 
%'ref 

CD 

Internal  drag 

%?ref 
CD, i i n t e r n a l  drag coefficient,  

3 
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Cn 

ck 

%L 
C 

CnP 

C 

E 

D 

M 

P 

PO 

% 

4 

Rolling moment 

%'refD 
rolling-moment coeff ic ient ,  

Y a w i n g  moment 

%SrefD 
yawing-moment coeff ic ient ,  

Side force 

%Sref 
side-force coeff ic ient ,  

ac, 
au normal-force-curve slope, , per  deg 

acL l i f t -curve  slope, -, per  deg aa 
a c m  longi tudinal  s t a b i l i t y  parameter (body axes), - aa 

ac, 
acL 

longi tudinal  s t a b i l i t y  parameter ( s t a b i l i t y  axes), - 

N2 ef fec t ive  dihedral  parameter, -, per  deg 
AP 

ACn 
43 d i r ec t iona l - s t ab i l i t y  parameter, -, per  deg 

side-force parameter, -, per  deg 

l i f t -d rag  r a t i o  

pressure coeff ic ient ,  

43 

P - Po 
90 

l o c a l  chord, f t  

mean aerodynamic chord of w i n g ,  f t  

body diameter, f t  

free-stream Mach number 

s t a t i c  pressure, lb / sq  f t  

free-stream s t a t i c  pressure, lb / sq  f t  

free-stream dynamic pressure, lb/sq f t  

.. .- 
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R Reynolds number 

Sref model reference area, q, sq f t  

t l o c a l  thickness, f t  

X model dis tance measured from base reference s ta t ion,  f t  

Xac 

U angle of attack, deg 

dis tance from body base reference s t a t ion  t o  aerodynamic center, f t  

P angle of s idesl ip ,  deg 

Subscripts: 

0 conditions a t  zero angle of a t tack  o r  zero l i f t  

m u  m a x i m u m  

b body base 

c ,  balance chamber 

f flare base 

r rocket engine base 

S shroud base 

DESIGN APPROACH 

Design Philosophy 

The poss ib le  development of a l a rge  expendable vertical-take-off launch 
vehicle  i n t o  a fixed-wing reusable vehicle suggests tha t  t h e  f i n a l l y  evolved 
system should have t h e  capabi l i ty  of two modes of operation. 
permit t h e  body of t h e  f i rs t  stage t o  be employed i n  an expendable system t o  
explo i t  t h e  m a x i m u m  payload thereby achievable. 
t h e  f irst  stage of t h e  otherwise expendable version t o  be mated w i t h  appropriate 
wings, flyback engines, and other  gear necessary t o  provide recoverabi l i ty  and 
hence reuse. If all t h e  physical features  f o r  recovery a re  contained as a unit ,  
then it i s  poss ib le  t o  conceive of i t s  use as a f e r r y  vehicle f o r  empty first- 
stage uni t s ,  upper stages, o r  f o r  some othef useful  mission. It i s  a l so  con- 
ceivable t h a t  t h e  recovery system, s ince it i s  independent of t h e  booster, 
would undergo a normal a i rplane f l i g h t - t e s t  program p r i o r  t o  being flown with 
t h e  booster.  
a l l y  f ly ing  it i n  a v e r t i c a l  launch mode. 

One mode should 

The other  m o d e  should permit 

Therefore many d e t a i l s  and problems could be solved before actu- 
An addi t ional  possible advantage of 

~ ’ UNCLASSIFIED 
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t h i s  approach l i e s  i n  the  f a c t  that phasing of t he  expendable system i n t o  the 
reusable system could be accomplished w i t h  a minimum interference w i t h  the  
development and operation of a programed expendable system. 
of a separate recovery system package therefore  w a s  adopted i n  the  design of 
models f o r  the present investigation. 

1 

I The philosophy 

I 

During the postseparation portion of t he  flight of the  f i r s t - s t age  reus- 
able vehicle, the  t ra jec tory  involves an atmospheric ex i t ,  reentry, supersoni'c 
glide,  and a subsonic powered cruise  back (referred t o  as flyback) t o  the launch 

Design Requirements I 

1 

Adoption of t he  two mode of operation design philosophy l imited the  selec- 
t i o n  of wing-body configurations t o  e i t h e r  high- o r  low-wing arrangements. 
low w i n g  was selected from two considerations; the  landing gear must be 
retracted i n t o  the  wing and be as l i g h t  as possible, and the  recovery system 
should provide heat protection t o  t h e  main-stage tank s t ruc ture  and components 
during reentry. The wing was therefore placed so  tha t  t he  body w a s  tangent t o  
t h e  chord plane of t h e  wing on t h e  premise that in te r tank  s t ruc ture  would carry 
some of t he  wing bending moments. 

A 

Preliminary estimates of the  probable flyback center of gravi ty  indicated 
it would be only about 1.25 body diameters forward of the body base, but since 
these component weights were probably somewhat optimistic,  any weight increases 
would tend t o  s h i f t  the center of grav i ty  more rearward. Wing planforms of 
moderate leading-edge sweep would therefore  be necessary t o  obtain subsonic 
aerodynamic-center locations i n  c lose proximity t o  the  center  of gravi ty  f o r  
sui table  longitudinal s t a b i l i t y .  A s  a first approximation, t he  quarter  chord 
of t he  mean aerodynamic chord of t h e  exposed wing planform w a s  located a t  the  
estimated center of gravity.  To provide reasonable reentry from suborbi ta l  
ve loc i t ies  of about 6,500 f e e t  per second and su i tab le  landing charac te r i s t ics ,  
t h e  wing was sized t o  provide a wing loading of about 50 pounds per  square foot  
of t o t a l  wing planform area.  
th ick  symmetrical w i n g  section w a s  se lec ted  w i t h  a wing planform having both a 
low aspect r a t i o  and taper  r a t io .  W i n g  sect ions with l a rge  leading-edge radii 
were selected t o  provide a good subsonic l i f t -curve  slope and a low drag due t o  

To minimize the t o t a l  wing w e i g h t ,  a moderately 
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l i f t  factor ,  while simultaneously keeping loca l  surface temperatures during 
e x i t  and reentry low. 
d i rec t ion  normal t o  t h e  w i n g  plane during t h e  launch phase. 

The symmetrical sect ion would minimize d r i f t  i n  t h e  

Two wing planforms were selected which had iden t i ca l  geometric character- 
i s t ics  except f o r  leading- and trailing-edge sweep angles. The f i r s t  was con- 
s t ra ined  t o  a straight t r a i l i n g  edge which would not extend rearward of t he  
rocket nozzle e x i t  plane i n  order t o  avoid t h e  intense pressure f luc tua t ions  
caused by t h e  rocket engines during launch and t o  minimize ground launch-stand 
modifications. For t h i s  case a wing leading-edge sweep angle of 5 5 O  approxi- 
mately satisfied all the requirements. The t r a i l i n g  edge at t h e  center w a s  
notched t o  provide f o r  the  rocket nozzles. The resu l tan t  planform w a s  there- 
f o r e  a modified clipped de l t a .  Vert ical  f ins ,  which were mounted inboard from 
t h e  t i p ,  on t h i s  w i n g  would have r e l a t ive ly  short moment arms; hence, direc-  
t i o n a l  s t a b i l i t y  problems were anticipated.  

A second planform, without t he  trail ing-edge constraints  of t h e  first wing, 
w a s  se lected t o  have a 6 5 O  leading-edge sweep. Although it w a s  recognized t h a t  
t h e  higher leading-edge sweep might compromise the  maximum l i f t - d r a g  r a t i o s  
ava i lab le  at  subsonic speeds, t h e  l a rge r  contribution of t h e  outboard wing sec- 
t i o n s  t o  t h e  longi tudinal  s t a b i l i t y  coupled with a n  appreciably longer ver t ica l .  
tail moment arm t o  achieve d i rec t iona l  s t a b i l i t y  were important considerations 
i n  t h i s  se lec t ion .  

For each of t he  two w i n g  planforms, ,twin v e r t i c a l  t a i l s  were employed, 
which had a planform corresponding t o  t h e  outboard 20 percent of each w i n g -  
panel area. 
i t s  root chord w a s  i den t i ca l  t o  t h e  l o c a l  wing chord. 

Each f i n  w a s  mounted i n i t i a l l y  at the spanwise locat ion f o r  which 

For t h e  subsonic flyback, tu rboje t  o r  turbofan engines would be required. 
These engines should be s ized t o  provide both engine-out cruise  back and/or 
take-off of t h e  flyback vehicle.  
engine s i z e  and number. 
on the.upper surface t o  permit s i x  turboje t  engines t o  be mounted there in .  Thi: 
loca t ion  appeared t o  be compatible with good heat protect ion during reentry and 
t h e  nacel les  could have removable fairings ahead of t h e  i n l e t  and rearward of 
t h e  t a i l p i p e  f o r  launch. 

The engine-out requirement d ic ta ted  t h e  
Two nacel les  were located a t  t h e  wing-body juncture 

With respect t o  t h e  body nose shape, a strong t radeoff  e x i s t s  between t h e  
aerodynamic cha rac t e r i s t i c s  desired and t h e  weight of t he  in te rs tage  s t ruc ture  
between t h e  first and second stages.  
selected as t h e  bes t  compromise of these two factors; however, a l t e r n a t e  shapes 
were considered. 

A spherical  forebody w a s  t en t a t ive ly  

Inasmuch as t h e  vehicle employs a v e r t i c a l  take-off, a rocket-propulsion 
system consis t ing of four  engines near t h e  periphery of t h e  body base and one 
center  engine w a s  employed. To avoid excessive aerodynamic loads on t h e  rocket 
nozzles, which would lead t o  excessively heavy engine gimballing hardware, 
shrouds f o r  t h e  outboard engines were provided on the  r ea r  of t h e  bas ic  booster 
body. Several  a l t e r n a t e  arrangements of shroud shapes, annular f l a r e s ,  and 
base venting were employed t o  inves t iga te  t h e  ant ic ipated base-drag problem - 7 
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area. I n  addition, t o  ascer ta in  t h e  probable upper l i m i t  f o r  t h e  l i f t -d rag  
ra t io ,  an afterbody shape w a s  designed which would fa i r  i n  t h e  shrouds and body 
base t o  a f u l l y  closed shape. 

DESCRIPTION OF MODELS 

The models employed i n  th i s  invest igat ion consisted of an axisynrmetric 
cyl indrical  body 4.0 diameters long t o  which were 8dded various forebody and 
base component parts,  and a wing-body-tail model which w a s  obtained by the  
addition of an assembly consisting of t h e  w i n g ,  and v e r t i c a l  t a i l s  w i t h  t he  
fur ther  addi t ion of air-breathing engine nacel les  f o r  some cases. 
e r a l  arrangements a re  shown i n  figure 1 and component details i n  f igure  2. 
Photographs of two representative configurations of t h e  basic  booster and reus- 
able booster are shown i n  f igu re  3 and per t inent  dimensions are given i n  
table I. 

Model gen- 

Basic Booster 

The basic  booster i s  considered t o  consis t  of t he  cy l indr ica l  body with 
an appropriate forebody and e i t h e r  annular flares o r  shrouds at  t h e  base. 

Body.- The bas ic  body was cy l indr ica l  and had a length-diameter r a t i o  
of 4.0. Three interchangeable forebodies were constructed, consis t ing of a 
1:l e l l i p se  (hemisphere), a blunt  1:4 e l l ipse ,  and a long 4:l e l l i p se ,  and are 
shown i n  d e t a i l  i n  f igu re  2(a) .  

Annular f la res . -  Two annular base f l a r e  shapes were designed t o  provide 
The length 
A short  

enclosure of t he  assumed engine gimbal s t r u t  and pylon supports. 
of the cone f l a r e  w a s  0.79 diameter and the  f l a r e  angle was l5O. 
extension, about 0.16 body diameter long, w a s  provided t o  tu rn  t h e  l o c a l  sur- 
face angle t o  Oo and t h i s  extension had a circular-arc  longi tudinal  shape as 
shown i n  f igure  2(a) .  Provision f o r  venting the base was m a d e  by cu t t ing  four  
longitudinal s lo t s ,  having per ipheral  lengths of 600 a rc  at  t h e  body surface 
and located 90° apart  so t h a t  the  a i r  would bleed i n t o  t h e  base region between 
t h e  rocket engines. The combined vent a rea  w a s  about 7 percent of the  t o t a l  
base area.  Detai ls  are shown i n  f igu re  2(a) .  

A second flare shape, having t h e  same length and base diameter as the  15' 
f la re ,  w a s  designed t o  have a longi tudinal  shape consis t ing of a parabola con- 
s t ra ined t o  have zero slope at  the  base. 
i n  figure 2( a). No venting w a s  provided on t h i s  f lare  shape. 

Details of t h i s  f lare shape are given 

Rocket engine and shrouds.- Provision w a s  made t o  mount four  simulated 
rocket engines and corresponding shrouds e i ther  on top  of the body and 90° 
apart  around t h e  base o r  displaced 450 from t h e  i n i t i a l  locat ion.  
t h e  simulated rocket engines are shown i n  f igu re  2(b), where it i s  indicated 
t h a t  provision was m a d e  t o  mount the engines canted toward t h e  center  l i n e  12'. 
This angle corresponded t o  t h a t  which would r e s u l t  i f  t h e  outboard engine nozzl 
j u s t  touched the  center engine nozzle. 

Details  of 
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Two s e t s  of individual engine shrouds were designed. The f i rs t  consisted 
of l5O half conical shrouds, approximately the same length as t h e  annular 
flares. 
conical f l a r e .  The second se t  of shrouds were more complex 
i n  shape but of the  same overa l l  1-ength. 
minimum cross-sectional area needed t o  j u s t  enclose the  assumed engine gimbal 
s t r u t s  and pylons and t o  provide as much boat ta i l ing  a t  t h e i r  base as pract ica-  
b le .  
major t o  minor axes of 1.39. Forward of the  maximum cross-sectional s ta t ion,  
t h e  longi tudinal  shape consisted of a parabola constrained t o  t h e  same leading- 
edge s t a t i o n  and length as the  conical shrouds and having zero slope at the  
maximum area.  
slope at  t h e  m a x i m u m  area s t a t i o n  and having a slope at  the  shroud base such 
t h a t  a tangent would j u s t  i n t e r sec t  t h e  outer extremity of t he  corresponding 
rocket nozzle when t h e  l a t te r  w a s  canted inward 12O. 
imized t h e  shroud base area.  

The individual shrouds were designed not t o  exceed the  diameter of t h e  
(See f ig .  l ( a ) . )  

They were designed t o  provide the  

The selected cross-sectional shape w a s  a half  e l l i p s e  with a r a t i o  of 

Rearward from t h i s  s ta t ion,  a second parabola constrained t o  zero 

The resu l t ing  shape min- 
Details of these shrouds a re  given i n  f igure  2(b) .  

For t h e  i n i t i a l  tests, t he  base of the  model and shrouds coincided; how- 
ever, when t h e  shrouds and rocket nozzles were t e s t e d  simultaneously, a short  
port ion of t h e  model base (0.412, see f i g .  l ( a ) )  w a s  removed t o  evaluate the  
e f fec t  of shroud overhang. I n  one case t h e  body length between the  shrouds w a s  
res tored but w a s  boa t ta i led  t o  a shape s imilar  t o  the  rear  end of t h e  parabolic 
shrouds. (See f i g s .  l ( c )  and 3(b) . )  

Afterbody.- A complex afterbody, t o  fair  i n  t h e  body base, considered t o  
consis t  of t h e  bas ic  body and 150 shroud assembly, w a s  constructed as shown 
i n  f igu re  2(b). Before cut t ing off the  base t o  permit i n s t a l l a t i o n  of t h e  
model support sting, it w a s  3.0 diameters long. The longi tudinal  shapes were 
parabolas designed t o  fair  smoothly t o  the  l o c a l  angles a t  t he  base of t he  
bas ic  model. Details of t he  shape a re  given i n  t h e  t a b l e  on t h e  f igure.  

Winged Reusable Booster 

General arrangement of t he  complete winged reusable booster configurations 
are shown i n  f igures  l ( b )  and l ( c ) .  
erence model i s  considered t o  consis t  of t h e  cy l indr ica l  body with spherical  
forebody together  with t h e  wing and v e r t i c a l  t a i l  assembly. 
geometric cha rac t e r i s t i c s  are referred t o  the  exposed wing area and the  body 
diameter. Various combinations of t h e  forebodies, shrouds, rocket engines, and 
afterbody already described were employed w i t h  t h e  wing and t a i l  assemblies 
shown i n  figures 2(c) and 2(d).  

I n  each configuration arrangement, the  ref-  

All p r inc ipa l  

5 5 O  clipped delta-wing model.- The 5 5 O  clipped d e l t a  w i n g  w a s  mounted on 
t h e  bas i c  booster ( f ig .  l ( b ) )  so t h a t  t he  quarter chord of t h e  exposed planform 
coincided with t h e  assumed center  of grav i ty  which w a s  1.25 diameters forward of 
t h e  engine gimbal s t a t i o n  (nominally t h e  model base).  
t h e  s m a l l  vee-notch at  t h e  inboard trailing edge being neglected, w a s  7.5D2, 
t h e  exposed span-to-body-diameter r a t i o  w a s  3.75 diameters, and the  taper  r a t i o  
w a s  0.20. The a i r f o i l  con- 
s i s t e d  of a symmetrical 10-percent-thick c i rcu lar  a r c  i n  the  streamwise direc-  
t i on .  The leading-edge radius  w a s  t 4 6  and t h e  trailing edge w a s  blunt 

The exposed planform area, 

The corresponding panel aspect r a t i o  w a s  1.87. - 9 



and equal i n  thickness t o  the  leading-edge diameter. 
dihedral  and w a s  mounted so t h a t  t he  chord plane w a s  tangent t o  the body diam- 
e t e r .  Details of t h e  wing are shown i n  f igure 2 ( c )  and i n  tab le  I. Vertical-  
s lab fa i r ings  from the  body diameter t o  the wing surface were in s t a l l ed  t o  form 
t h e  wing-body juncture. A t  the  wing leading edge, the juncture was hand fa i red  
t o  the body t o  provide a gent le  upward sloped lower surface as  indicated i n  
figures l(b) and 2(c) .  

The wing had Oo geometric 

The v e r t i c a l - t a i l  planform corresponded t o  the outer 20 percent of the 
wing-panel area. 
the  spanwise s t a t ion  so t h a t  the  root chord of the  t a i l  coincided with the  
l o c a l  chord of the  wing. 
ve r t i ca l  f i n  about i t s  midchord, because of ant ic ipated d i rec t iona l  s t a b i l i t y  
problems of hypersonic speeds; no cant w a s  employed. 

Each of t he  outboard mounted v e r t i c a l  tai ls  w a s  located a t  

A toe-in angle of 3O w a s  provided by rotat ing the  

The flyback engine nacelles shown i n  f igure 2(c) consisted of a simple 
quadrant of a c i r c l e  i n  cross sect ion and were located at  the  wing-body junc- 
t u r e  on the  upper surface so t h a t  t h e  engines would be s i tua ted  at the  assumed 
center of gravity.  
nacelle i n  a one-over-two arrangement. Subsonic in l e t s ,  and appropriate i n t e r -  
n a l  ducting, sized f o r  a mass flow r a t i o  of about 0.6 a t  
employed. The engine t a i lp ipes  were considered t o  be extended approximately 
t o  the wing trailing edge. 
bo l i c  i n  longitudinal shape. 

Three turbojet  engines were assumed t o  be housed i n  t h e  

M = 0.6 were 

The external fairing w a s  a rb i t r a ry  but nearly para- 

For t h i s  model, t he  complete cy l indr ica l  basic  booster w a s  used; and the  
shroud base therefore  coincided with the  body base. 
t es ted  on t h i s  configuration and only the  150 conical shrouds were employed. 

No rocket engines were 

650 swept trapezoidal-wing model. - The 650 swept trapezoidal wing 
( f ig s .  l ( b )  and 2(d)) w a s  mounted iden t i ca l ly  t o  the  clipped d e l t a  wing i n  that 
t h e  0.25e of the  exposed planform coincided with the  assumed center of gravi ty .  
Except f o r  the  basic  geometry change of the  leading- and trail ing-edge sweep 
angles of the wing and v e r t i c a l  tails, a l l  other  d e t a i l s  and dimensions were 
generally the  same as those f o r  the  55’ clipped d e l t a  wing. 

Modified 650 swept trapezoidal-wing model .- The modified 65O swept trape- 
zoidal wing model ( f ig .  l ( c ) )  w a s  derived from the  previously described con- 
f igurat ion.  The wing w a s  sh i f ted  rearward 0.19 diameter, t h e  v e r t i c a l  tails 
w e r e  relocated at the wing t i p  with loo outboard cant and the  toe-in angle w a s  
increased t o  5 O .  
about 8 percent of the  l o c a l  chord and consisting of simple wedge p ro f i l e s  were 
provided. A small port ion of t he  body (0.412 inch) was removed t o  simulate the  
engine shroud overhang, and simulated rocket engines were i n s t a l l e d  together 
with the parabolic shrouds. They were oriented 450 from t h e  v e r t i c a l  plane of 
symmetry; thus, only t h e  two upper shrouds would be needed since the  wing base 
and wing-body f a i r i n g  would take the  place of t h e  two lower shrouds. The f l y -  
back engine nacelles were not tested on t h i s  configuration. 
special  boat ta i led f a i r ing  w a s  added between t h e  engine shrouds and an exten- 
s ion  with boa t ta i l ing  w a s  added t o  t h e  wing-body f a i r ing .  
3( b ) fo r  modified configuration. ) 

Trailing-edge closure extensions on the  wing amounting t o  

I n  addition, 

(See f ig s .  l ( c )  and 
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APPAFWITTS AND .TESTS 

Most of t he  t e s t s  were conducted i n  the Langley 8-foot transonic pressure 
tunnel over a Mach number range from 0.4 t o  1.2 and angles of a t tack up t o  12O 
and at  00 and 5O sidesl ip .  
configuration were tes ted  i n  the  Langley Unitary Plan wind tunnel at Mach num- 
bers of 1.6, 1.9, and 2.1 f o r  angles of attack up t o  280 and at Oo and 5O side- 
s l i p .  I n  all cases, a r t i f i c i a l  t ransi t ion,  consisting of a 0.1-inch-wide s t r i p  
of No.  80 carborundum grains, w a s  i n s t a l l ed  on all forebodies, and at  the 
0 . 1 0 ~  s t a t i o n  of both surfaces of the  wings and v e r t i c a l  tai ls .  Test Reynolds 

6 
6 

numbers based on body length varied from approximately 2.2 x 10 t o  4.4 x 106 
i n  the  Langley 8-foot transonic pressure tunnel and from 1.9 x 106 t o  2.0 x 10 
i n  the  Langley Unitary Plan wind tunnel as shown i n  f igure  4 .  

Selected configurations of t h e  modified 650 wing 

S t a t i c  aerodynamic force and moment data were measured with a six- 
component in te rna l ly  mounted strain-gage balance. Angles of a t tack and side- 
s l i p  were corrected f o r  balance and s t ing  deflections under load. 
data  have been presented with no base-pressure corrections applied, including 
those configurations with airflow nacelles.  
measured with a rake of 6 total-pressure and 2 s ta t ic-pressure tubes. 
measurements were made i n  the  balance chamber, on the  model base, and on various 
components at t h e  model base f o r  some of the t e s t s .  
forces  and moments have been reduced t o  coefficient form and referred t o  the  
area of the  base of the cyl indrical  body and i ts  diameter i n  order that com- 
parisons of the  contributions of the  various components can be readi ly  made. 
The moment reference s t a t ion  w a s  located 1.3 diameters forward of t he  model 
base. (See f i g .  1.) 

A l l  drag 

The in t e rna l  drag of the  ducts was 
Pressure 

(See f i g .  l ( b ) . )  A l l  

PRESENTATION OF RESULTS 

The r e s u l t s  of t h i s  investigation have been divided i n t o  four primary 
par t s .  The f i r s t  consists of data  applicable t o  the  several  configurations of 
t h e  body alone o r  the  basic booster; whereas, the  remaining three par t s  contain 
t h e  da ta  f o r  t h e  wing-body configurations of the reusable booster. 
body alone, longitudinal data, referenced t o  body axes, are  presented i n  f ig-  
ures 5 t o  8. 
delta-wing configuration. 
t he  650 swept trapezoidal-wing configuration. Finally, f igures  19 t o  24 pre- 
sent  bas ic  and summary data  f o r  the  modified booster-wing configuration using 
t h e  650 swept t rapezoidal  w i n g .  Because of the d ivers i ty  of configurations 
examined, all force  and moment data a re  referred t o  common areas and dimen- 
sions consisting of the  body base area and the body diameter. All moments 
have been referred t o  an assumed center of gravity which was 1.25 diameters 
forward of t h e  engine gimbal s ta t ion,  which is  essent ia l ly  t he  model base. 

For the 

Figures 9 t o  13 include basic  and summary data  f o r  the  550 clipped 
Figures 14 t o  18 include basic  and summary data  f o r  
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DISCUSSION OF RESULTS 

The importance of t he  subsonic flyback port ion of t h e  reusable booster 
mission has been indicated previously; therefore,  the  discussion w i l l  concen- 
t r a t e  on the  subsonic problem areas re la ted  t o  s t a b i l i t y  and aerodynamic e f f i -  
ciency together with subareas contributing t o  these fac tors .  

Basic Booster 

The reference configuration of the  basic  booster consisted of  the p la in  
The t o t a l  axial-force coeff i -  cyl indrical  body w i t h  t h e  spherical  forebody. 

c ient  at 0' angle of a t tack  f o r  a M a c h  number of 0.6 i s  shown i n  f igures  5 
and 8 t o  be about 0.16 and the  corresponding base-pressure coeff ic ient  w a s  
about -0.13. 

Effect of axisymmetric f l a r e s . -  The booster w i t h  t he  15' conical f lare  i s  

M = 0.6, an increase by near ly  a f a c t o r  of 4 over the  ref- 
shown i n  f igure  8(a) t o  have resul ted i n  a t o t a l  axial-force coef f ic ien t  at 
a = 00 
erence configuration. This increase w a s  caused by a decrease i n  the  base- 
pressure coeff ic ient  by a f ac to r  of 2 coupled with an increase i n  the  base area 
by a f ac to r  of 2.03. 

6 percent. 
s ion increased the  base-pressure coef f ic ien t  about 15 percent, from -0.26 
t o  -0.22. 
vided, t h e  base-pressure coeff ic ient  would have been expected t o  increase 
toward t h e  value f o r  t h e  p la in  cy l indr ica l  body of -0.13. 

of 0.63 at  

Addition of t h e  shor t - f la re  extension decreased the  axial- 
force coeff ic ient  about 12 percent desp i te  a base-area increase of nearly 

~ 

The turning of the l o c a l  surface angle t o  Oo by means of t h e  exten- 

If a longer more gradually turning extension could have been pro- 

Venting of t h e  base has been shown by a number of invest igat ions ( f o r  
example, ref. 5 )  t o  be useful  i n  reducing the l e v e l  of t he  base drag. 
ure  6 shows r e s u l t s  of providing a base venting a rea  of about 7 percent of t h e  
t o t a l  base a rea  f o r  t h e  130 annular f lare  equipped w i t h  t h e  extension. 
ure  8(a) shows a comparison between t h e  nonvented and vented configurations at 
an angle of a t tack  of Oo. Two fac to r s  probably contributed t o  t h e  increase i n  
axial-force coeff ic ient  shown f o r  t h e  vented configuration. It w a s  indicated 
i n  reference 5 t h a t  the amount of base-drag reduction w a s  highly sens i t i ve  t o  
t h e  amount of venting. Since each geometric configuration would require  con- 
siderable invest igat ion t o  ascer ta in  t h e  optimum, it may be concluded tha t  the  
present case i s  merely not t he  optimum and individual  t a i l o r i n g  would be 
required. Secondly, good venting and pressure relief,  together  w i t h  ove ra l l  
drag reduction require t h a t  t h e  vented air  have high pressure recovery. 
t he  present case, t he  vent inlet w a s  located at  the  forward end of t he  f l a r e ;  
and aside from simple rounding of t h e  i n l e t  l i p s ,  no attempt w a s  made t o  design 
an e f f ic ien t  inlet  and duct.  

Fig- 

Fig- 

, 

I n  

Figure 8(a) shows t h a t  i n s t a l l i n g  the  parabol ic  f lare shape decreased the  
axial-force coef f ic ien t  at  M = 0.6 t o  0.46 
flare o r  0.55 f o r  t h e  extended conical  f l a r e .  
t o t a l  turning angle amounted t o  about 280 (see f i g .  2 (a ) ) ,  which i s  considerably 

compared with 0.63 f o r  t h e  conical 
For the  parabolic f l a r e  t h e  

12 - 
U N CLASS I F 1 E !3 



grea ter  than t h e  l5O flare and occurred because of t h e  la rge  i n i t i a l  slope of 
t he  parabola a t  i t s  forward end. Despite t h e  favorable improvements, t he  t o t a l  
axial-force coeff ic ient  i s  s t i l l  about 3 times t h a t  f o r  t h e  cy l indr ica l  body 
and t h e  base-pressure drag contribution i s  grea te r  by a f a c t o r  of 1.6.  It i s  
concluded t h a t  despi te  t he  grea te r  turning required by a convex shape, t h e  fac- 
t o r  affecting t h e  base drag i s  primarily t h e  a b i l i t y  t o  res tore  completely t h e  
flow t o  a d i rec t ion  at least p a r a l l e l  t o  t h e  f r ee  stream provided no l o c a l  flow 
separation occurs. These r e s u l t s  a l s o  suggest t h a t  some boat ta i l ing  at t he  end 
of t h e  parabolic f lare would be beneficial .  

Effect of individual engine shrouds.- Figures 7 and 8 (b )  show t h a t  i n s t a l -  
l a t i o n  of t h e  individual l 5 O  conical engine shrouds increased the  t o t a l  axial- 
force coeff ic ient  at 
This increase i s  nearly as grea t  as t h a t  f o r  the l5O conical f l a r e  efiended 
with i t s  associated much l a rge r  base area.  
i n  f igures  5 and 7 shows t h a t  magnitude of the  average base-pressure coefficient 
increased 27 percent f o r  t h e  individua115° shrouds compared with the  l5O f l a r e .  
This increase i n  magnitude ( a  decrease i n  base-pressure coef f ic ien t )  can be 
explained as a base pumping action. The flow near t h e  body surface between the  
shrouds must have behaved much as t h e  flow through a venturi; t h a t  is, a s ig-  
n i f i can t  accelerat ion occurred along the  body as t h e  net flow area decreased on 
approach t o  t h e  base. 
t h e  extended shrouds, t he  body base-pressure coeff ic ient  i s  lower (more nega- 
t i v e )  than f o r  t h e  shroud base and thereby substant ia tes  t he  pumping theory 
described. 

M = 0.6 from 0.16 f o r  the "no shroud" case t o  0.51. 

Comparison of t he  base pressures 

(See f i g .  l ( a ) . )  Figure 7 shows, f o r  example, t h a t  f o r  

I n s t a l l a t i o n  of t h e  parabolic shrouds i s  shown i n  f igure  8 (b )  t o  have 
reduced t h e  t o t a l  axial-force coeff ic ient  about 50 percent compared with t h e  
conical shrouds. Some of t h e  reduction i s  a t t r i bu tab le  t o  about a 9-percent 
reduction i n  base area; however, t h e  magnitude of t h e  base-pressure coeffi-  
c ien t  decreased nearly 47 percent.  
more negative by only 0.04 than t h a t  f o r  t h e  p la in  cylinder.  I n  addition, f i g -  
ure 7 shows t h a t  t h e  shroud base-pressure coeff ic ient  i s  about t he  same as  t h a t  
f o r  t h e  body; thus, l i t t l e  o r  no pumping occurred between the  shrouds on t h e  
surface of t h e  body. It i s  of significance t o  observe t h a t  t he  t o t a l  axial- 
force  coef f ic ien t  f o r  t h e  model with parabolic shrouds i s  only about 60 per- 
cent g rea t e r  than t h a t  f o r  t h e  reference body with no shrouds as compared with 
230 percent f o r  t h e  l 5 O  conical shroud case. It i s  concluded t h a t  careful  
t a i l o r i n g  of t h e  shrouds and body i n  the  v i c in i ty  of t h e  base i s  required. 
Some boa t t a i l i ng  on t h e  body i n  the  region of t h e  shrouds could be expected t o  
provide some f u r t h e r  improvements. 

I n  fac t ,  the base-pressure coeff ic ient  i s  

Effect  of rocket engines.- Figure 7 shows t h a t  some addi t ional  pressure 
recovery, compared with t h e  body base, occurred on t h e  base of the  rocket 
engines. Since a pressure d i f f e r e n t i a l  ex is t s  therefore  between t h e  external  
foreport ion of t h e  rocket engines and t h e  base of t h e  engine, some addi t ional  
reduction i n  t o t a l  axial-force coeff ic ient  could be ant ic ipated.  
and 8 (b )  show t h a t  a s m a l l  decrease of about 0.01 d id  indeed occur. However, 
because t h e  model support sting es sen t i a l ly  replaced t h e  region which would be 
occupied by t h e  center  engine, it i s  not yet  clear what t h e  t r u e  axial-force 
and base-pressure cha rac t e r i s t i c s  would be. 
t o  a sce r t a in  t h e  e f f ec t  of t he  s t i ng  and t h e  f i f t h  engine. 

Figures 7 

Additional invest igat ion i s  needed - 13 
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Effect of af'terbody fa i r ing . -  The afterbody fair ing,  which fa i red  i n  both 
the  body base and t h e  150 conical shrouds i s  shown i n  f igure 8 ( b )  t o  have 
decreased the  t o t a l  axial-force coefficient t o  a value of only 31 percent of 
tha t  f o r  the  reference model at M = 0.6 
area. Although it i s  probably not p rac t i ca l  t o  provide such an af'terbody 
fairing, even i f  made of col lapsible  materials and then inf la ted  when required, 
t h i s  resu l t  c lear ly  emphasizes the  seriousness of the base-drag problem. 

despi te  the la rge  increase i n  wetted 

55' Clipped Delta-Wing Reusable Booster 

Longitudinal s t ab i l i t y . -  Pr incipal  e f f ec t s  of shrouds, nacelles, and 
af'terbody f a i r ing  on the longitudinal s t a b i l i t y  have been summarized i n  f ig-  
ure 12. A l l  configurations were unstable at  most subsonic t e s t  conditions. I n  
fac t ,  t he  aerodynamic center i s  nearly 0.2 diameter forward of the  assumed ten- 
t e r  of gravity f o r  the  reference configuration, which consisted of the  cylin- 
d r i ca l  body, spherical  forebody, and the  wing-tail  assembly. Progressively 
additional adverse increases i n  the  aerodynamic-center s h i f t  w i t h  Mach number 
resulted from t h e  addition of the several  components. Should a more rearward 
center-of-gravity locat ion r e su l t  from a more accurate weight and center-of- 
gravity estimate f o r  the  ac tua l  vehicle, t he  magnitude of the  i n s t a b i l i t y  would, 
of course, be greater .  
required t o  a t t a i n  a longitudinally s tab le  configuration subsonically. 
s h i f t  would place la rge  regions of the  wing i n  the intense noise f i e l d  of t he  
rocket engine during launch and would a l so  require extensive launch-stand modi- 

Therefore, the  poten t ia l  advantages of t h i s  planform seem t o  have 
been removed. 

An appreciable rearward s h i f t  of the  wing would be 
Such a 

. f icat ions.  

Lift-drag character is t ics . -  The l i f t -d rag  charac te r i s t ics  shown i n  f ig -  
ure  1 2  indicate  t h a t  the reference configuration achieved an 
approximately 5.8 at 
reduction t o  a value only a l i t t l e  more than 4.0. 
end with the afterbody not only removed the  shroud penalty but increased 
(L/D)max 
f o r  t h i s  configuration and could not be achieved i n  a p rac t i ca l  manner. 
concluded t h a t  the aerodynamic eff ic iency i s  inadequate. 

( L / D ) m a  of 
M = 0.6. Addition of the  shrouds caused a 30-percent 

Fairing i n  the  en t i r e  back 

even fur ther  t o  about 6.5. This value i s  considere'd the  upper l i m i t  
It is  

Lateral-directional s t ab i l i t y . -  Figure 13 shows t h a t  t he  effect ive dihe- 
d r a l  was negative 

w i n g  configuration with a la rge  body together with t h e  f a c t  tha t  no geometric 
dihedral was incorporated i n  the  w i n g .  Directional i n s t a b i l i t y ,  as expected, 

(CzB posi t ive , which was not unexpected i n  view of t he  low 1 

w a s  very large, cnB > -0.05. 

Evaluation.- Since the  clipped d e l t a  wing resu l ted  i n  severe longitudinal 
and l a t e r a l  d i rec t iona l  s t a b i l i t y  problems coupled with an inadequate l i f t -d rag  
r a t i o ,  the  type of modification which would be required t o  r ec t i fy  the def i -  
ciencies would reduce the  poten t ia l  advantages of t h i s  configuration. There- 
fore, fur ther  analysis  and invest igat ion of t h i s  configuration w a s  cur ta i led,  
and the investigation concentrated on the  second wing planform arrangement. 
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6 5 O  Swept Trapezoidal-Wing Reusable Booster 

Longitudinal s t a b i l i t y . -  Figure 17 summarizes t h e  e f f ec t s  of t he  addition 
of t h e  various components t o  t h e  reference configuration consisting of the body, 
spherical  nose, and wing-tail  assembly. All configurations were longi tudinal ly  
unstable at  
( f i g .  l ( a ) ) ,  t h e  amount of i n s t a b i l i t y  has decreased markedly. For t h e  refer- 
ence configurations, f o r  example, t he  negative s t a t i c  margin i s  only 6 percent 
f o r  t h e  present wing compared with 20 percent f o r  t h e  former wing arrangement. 
The improved longi tudinal  s t a b i l i t y  i s  t h e  resu l t  of t h e  high loading of t he  
outboard w i n g  panel, charac te r i s t ic  of swept trapezoidal w i n g s  w i t h  sweptback 
t r a i l i n g  edges. Furthermore, comparison of f igures  17 and 1 2  shows tha t  t h e  
aerodynamic-center var ia t ion  with Mach number i n  the transonic range w a s  only 
two t h i r d s  as grea t  f o r  t h e  650 w i n g  compared with t h e  5 5 O  w i n g .  

M = 0.6; however, when compared with t h e  550 clipped delta wing 

Figures 14  and 9 ind ica te  t h a t  t he  posi t ive &,o f o r  t h e  6 5 O  wing was 
appreciably g rea t e r  than t h a t  f o r  t h e  5 5 O  wing ;  t h i s  pos i t ive  i s  desir- 

able  t o  reduce t h e  leve l - f l igh t  t r i m  requirements. The increased C,,O i s  a t  
least i n  p a r t  associated with the  pos i t ive ly  sloped lower w i n g  surface a t  the  
w i n g  leading edge i n  the  wing-body juncture (see f i g .  l ( b ) ) ,  which f o r  t he  65' 
w i n g  w a s  considerably f a r t h e r  ahead of t he  center of grav i ty  than w a s  t he  case 
f o r  t h e  5 5 O  w i n g .  The s e n s i t i v i t y  of &,o t o  the addition of t h e  various 
corresponding components w a s  considerably l e s s  f o r  t h e  6 5 O  wing than f o r  the 
550 wing.  Although sa t i s fac tory  s t a b i l i t y  w a s  not achieved, it i s  concluded 
t h a t  t h e  configuration employing the  6 5 O  wing o f fe r s  considerably grea te r  
po ten t i a l  f o r  achieving usable longi tudinal  charac te r i s t ics  than the  5 5 O  clipped 
d e l t a  wing. 

Cm,o 

Zero- l i f t  drag and l i f t -drag  ra t io . -  Figures 17 and 12 show tha t  the zero- 
f o r  t h e  reference configuration w a s  somewhat lift drag c o e f f i c i h t  at  

less f o r  t h e  650 w i n g  than f o r  t h e  5 5 O  wing-body configuration. 
t h e  shrouds and engine nacel les  were added, any differences were inconsequen- 
tial. 
t h e  drag coef f ic ien t  of t h e  reference configuration, t h e  shrouds contributing 
about 90 percent of t h e  increase.  It can be seen from t h e  magnitude of t h e  
measured i n t e r n a l  drag that it i s  so s m a l l  t ha t  it has no appreciable e f f ec t  
on e i t h e r  t h e  zero- l i f t  drag coeff ic ient  o r  the l i f t - d r a g  r a t i o  values. 

M = 0.6 
However, when 

The addi t ion of t h e  shrouds and engine nacel les  approximately doubled 

The e f f e c t  of changing t h e  forebody shape from the  blunt 1:4 e l l i p s e  t o  
t h e  1:l e l l i p s e  (hemisphere) and f i n a l l y  t o  the  4:l e l l i p s e  i s  shown i n  f ig -  
ure  14. 
f i c i en t ,  but, i n  addition, produced s izable  destabi l iz ing increments. 
Installing the 1:4 blunt e l l i p s e  increased the drag coeff ic ient  more than 
50 percent at 
t h e  1:l e l l i p t i c a l  forebody. 
erences 6, 7, and 8 indicated excellent agreement on t h e  e f f ec t s  of forebody 
bluntness. The conclusion from t h i s  comparison i s  t h a t  essent ia l ly  no increase 
i n  forebody bluntness can be to l e ra t ed  beyond t h a t  f o r  a hemisphere without 
a t tendant  l a r g e  drag coefficient increases.  It i s  concluded therefore  t h a t  
t h e  1:l e l l i p s e  (hemisphere) used f o r  most of t h e  present invest igat ion i s  

The 4 : l  e l l i p s e  produced no discernible change i n  ze ro - l i f t  drag coef- 

M = 0.6 compared with the  reference configuration which employed 
Comparison of these r e s u l t s  with those of refer- 
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nearly t h e  optimum compromise between in te rs tage  weight and aerodynamic shape 
f o r  t h i s  vehicle application. The observation i s  m a d e ,  however, tha t  most of 
t h e  data  were obtained at Reynolds numbers and surface conditions for which 
most of t h e  boundary layer  on t h e  forebody would be laminar. 
fo re  ex i s t s  as t o  t h e  v a l i d i t y  of t h e  t rends f o r  la rge  Reynolds numbers and 
p rac t i ca l  construction surfaces i n  which case turbulent flow would probably be 
established on the  forebody. The advantage of blunter  forebody shapes l i e s  i n  
s ign i f icant  reductions i n  in te rs tage  weight and hence l a rge r  payloads. 

Uncertainty there- 

Figure 14 a l so  shows t h e  e f f ec t s  of ro ta t ing  the shrouds 45' from t h e i r  
i n i t i a l  posi t ion.  
aerodynamic loads during launch by t h e  wing base; hence only two shrouds are 
required. 
recovered; however, only one of t he  o r ig ina l  th ree  shrouds and a small port ion 
of t h e  fourth have been removed. 
action, described earlier, occurred i n  the space on t h e  s ide  of t h e  vehicle 
between t h e  shroud and t h e  upper w i n g  surface; however, t h i s  pumping would be 
less severe t h a  t h a t  f o r  adjacent shrouds. 

For t h i s  posit ion,  t h e  two lower engines are protected from 

Nearly 25 percent of t he  in i t ia l  shroud increment drag has been 

It i s  probable tha t  some of t h e  pumping 

The m a x i m u m  l i f t -d rag  r a t i o  i s  shown i n  f igure  17 t o  be about 6.1 a t  
M = 0.6 
t h e  addition of t he  shrouds and flyback engine nacel les .  The r e s u l t s  of f ig -  
ure  14(c) show t h a t  ro ta t ing  the shrouds 450 would increase t h i s  value t o  about 
4.5. A measure of t he  probable upper l i m i t  f o r  the Configuration i s  indicated 
by the  m a x i m  l i f t -d rag  r a t i o  of 7 .1  when the f a i r e d  afterbody w a s  ins ta l led ,  
which was about 10 percent higher than tha t  f o r  t h e  5 5 O  w i n g .  It i s  concluded 
t h a t  the 6 5 O  swept trapezoidal-wing configuration has grea te r  po ten t i a l  f o r  
l i f t -drag- ra t io  improvement than t h e  550 clipped d e l t a  wing configuration and 
t h a t  the 4 5 O  shroud posi t ion i s  preferred over the o r ig ina l ly  selected 
or ientat ion.  

f o r  the  reference configuration; but t h i s  value decreased t o  4.2 with 

Lateral-directional s t a b i l i t y . -  Figure 18 shows tha t  both e f f ec t ive  dihe- 
d r a l  and d i rec t iona l  s t a b i l i t y  are unsat isfactory.  Although the v e r t i c a l  t a i l  
f o r  t he  present configuration w a s  located f a r t h e r  rearward than f o r  t h e  previ- 
ous 5 5 O  w i n g  because of t h e  increased leading-edge sweep, i t s  effect iveness  has 
not s ign i f icant ly  improved. It i s  probable t h a t  t h e  e f f e c t  of t h e  longer t a i l  
moment arm has been canceled by t h e  reduced l i f t - cu rve  slope of t h e  more highly 
sweptback v e r t i c a l  t a i l  (650 compared with 5 5 O ) .  Reducing the f i n  leading-edge 
sweep, moving it t o  the  w i n g  t i p  t o  obtain a longer moment arm, together  with 
increasing t h e  f i n  area may be necessary t o  provide pos i t i ve  d i r ec t iona l  sta- 
b i l i t y .  The e f fec t ive  dihedral, now negative, can probably be corrected by 
incorporating some geometric d ihedra l  and, if t h e  v e r t i c a l  f i n  i s  relocated a t  
t h e  wing t i p ,  by canting t h e  f i n  outboard. 

Evaluation.- The results of t h i s  p a r t  of t h e  inves t iga t ion  ind ica te  t h a t  
although s igni f icant  def ic iencies  i n  both s t a b i l i t y  and aerodynamic e f f ic iency  
exist, they are considerably less severe than those f o r  t h e  5 5 O  clipped de l ta -  
wing configuration. Therefore f u r t h e r  de t a i l ed  inves t iga t ion  w a s  considered 
desirable,  and the  per t inent  r e s u l t s  of t h e  changes incorporated are discussed 
i n  the next section. 
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Modified 650 Swept Trapezoidal Wing Reusable Booster 

Comparison of t he  model description and the recommendations of t h e  previ- 
ous sections indicates  t h a t  p rac t ica l  changes could be made without a complete 
redesign of the configuration t o  improve both t h e  s t a b i l i t y  and the  aerodynamic 
efficiency parameters. 

Longitudinal s t ab i l i t y . -  Figure 23 shows t h a t  a subsonic s t a t i c  margin at 
of 25 percent of the  body diameter was obtained, which corresponds t o  M = 0.6 

about 11 percent of the mean aerodynamic chord of the  exposed wing planform. 
A t  t he  m a x i m  supersonic t e s t  Mach number, the s t a t i c  margin w a s  approximately 
40 percent of t h e  body diameter. 
sents about 7 percent of the  mean aerodynamic chord and i s  not considered t o  be 
excessive. In s t a l l a t ion  of the  wing trailing-edge extension, considered desir-  
able f o r  subsonic l i f t -d rag  rat ios ,  caused about a 50-percent decrease i n  s t a t i c  
margin at  subsonic speeds but l i t t l e  change a t  supersonic speeds. The change 
i n  s t a t i c  margin with Mach number has increased from about 0 . 1 t o  more than 0.2 
or  nearly a f ac to r  of 2. 

The transonic change i n  s t a t i c  margin repre- 

Figure 19 shows tha t  a t  M = 0.6 the  %,o f o r  the  modified configura- 
t i o n  w a s  about 0.35 and increased nearly 100 percent by the addition of t he  
trail ing-edge extension. This s h i f t  i n  the  pitching-moment curve i s  shown t o  
have resul ted i n  a trimmed l i f t  coeff ic ient  of  about 4.0 which i s  close t o  t h a t  
which would correspond t o  m a x i m u m  
therefore .  It should a l so  be observed, however, t h a t  the  addition of t he  s m a l l  
fairings between the  shrouds and a t  the  wing-body juncture v i r tua l ly  eliminated 
a l l  the  &,o change. The sensit iveness of l o c a l  ta i lor ing,  of the  type 
needed t o  provide high 
c lear ly  indicated by these resu l t s .  

L/D. L i t t l e  t r i m  control would be needed 

(L/D)mm, on both s t a b i l i t y  and t r i m  requirements i s  

The e f f ec t  of the wing-tip-mounted ve r t i ca l  f i n s  on the  longitudinal sta- 
b i l i t y  var ia t ion  with angle of a t tack i s  shown i n  f igure  l 9 ( d )  t o  consist, at 
subsonic speeds, of t he  removal of most of the nonlinearity of the pitching- 
moment curve at  l o w  lift coeff ic ients  but t o  cause a severe pitchup at l i f t  
coef f ic ien ts  corresponding t o  m a x i m  Data such as  t h a t  given i n  ref-  

approached f o r  wings with t h i s  sweepback and aspect ra t io ,  but a break a t  such 
low l i f t  coef f ic ien ts  as indicated by the  present data would not be foreseen. 
These r e s u l t s  suggest t h a t  the  usual strong spanwise flow near t he  wing t i p  was 
eliminated by t h e  presence of t he  v e r t i c a l  f i n .  Such a change i n  the l o c a l  
flow would tend t o  cause the  t i p  loads t o  increase w i t h  the  accompanying 
increase i n  s t a b i l i t y  observed. This increased t i p  loading would, however, 
promote e a r l i e r  flow separation and would therefore provide the  explanation 
f o r  t h e  e a r l y  pitchup observed with the  ve r t i ca l  tails on. 

L/D. 
erence 9 ind ica te  t h a t  an unstable break would be expected as  CL,- i s  

Drat? and l i f t -d rag  r a t i o  characterist ics.-  Comparison of t he  zero- l i f t  
drag cha rac t e r i s t i c s  f o r  the  modified configuration shown i n  f igure  23 with 
those f o r  t h e  original. 650 w i n g  arrangement with shrouds and rocket engines 
shown i n  figure 17 indicates  t h a t  the  drag coefficient at 
decreased from 0.76 t o  0.48 or  about 37 percent. 

M = 0.6 has 
This reduction i s  a t t r i bu ted  
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t o  employment of t h e  parabolic shrouds discussed e a r l i e r  and ro ta t ion  of the 
posi t ion of t h e  shrouds 4 5 O .  
and rocket engines fur ther  decreased t h e  drag coeff ic ient  t o  0.40. Finally,  
t h e  addition of t h e  small body b o a t t a i l  fairing between the shrouds and a t  the 
w i n g  fuselage juncture reduced t h e  l e v e l  of CD,O t o  0.35. The t o t a l  drag 
coeff ic ient  f o r  t h e  complete reusable booster has been reduced t o  less than 
t h a t  of t h e  basic  expendable booster with the  15' shrouds and rocket engines 
which was 0.53. 
expendable booster w i t h  parabolic shrouds and rocket engines with CD,O = 0.25. 
Comparison of the base-pressure coef f ic ien ts  on the  various components ( f i g s .  7 
and 23) shows tha t  considerable improvement has been achieved. On the  bas i s  of 
t h e  present data  and t h e  t rends shown, it i s  believed t h a t  some fu r the r  improve- 
ments can be obtained, possibly by fu r the r  de ta i led  shaping o r  other  means. 

I n s t a l l a t i o n  of the wing trail ing-edge extensions 

This drag l e v e l  a l so  compares favorably with t h a t  f o r  the  

From f igure  l 9 ( d )  the  drag-due-to-lift fac tors  a t  M = 0.6 were calculated 
t o  l i e  between 0.018 and 0.019. 
values of 0.017 when both l i f t  and drag coeff ic ient  a r e  referred t o  the body 
base area as i n  t h i s  invest igat ion.  Nearly full leading-edge suction appears 
t o  have been obtained. To ver i fy  t h i s  result fur ther ,  reference 10 ind ica tes  
tha t  nearly f u l l  leading-edge suction would be expected when t h e  Reynolds num- 
ber, based on the  leading-edge radius i s  as grea t  as 3 x lo4 t o  4 x lo4. For 
t h e  present tests the  leading-edge Reynolds number w a s  almost 3 x lo4; hence, 
l i t t l e  fu r the r  improvement could be expected. 

Nl leading-edge suction would ind ica te  

For t h e  i n i t i a l  configuration of the modified 6 5 O  w i n g  model t h e  m a x i m  
L/D is  shown i n  f igure  23 t o  be 5.5 at 
figuration, t h i s  value increased t o  near ly  6.1. 
t o  4.5 f o r  t h e  bes t  previous configuration. 
however, show t h a t  (L/D)- has become more sens i t ive  t o  Mach number. No 
measurable improvement i s  shown at  t ransonic  speeds f o r  t h e  modified configura- 
t ion ,  and t h e  l e v e l  of 
about 2.0. Special  t a i l o r i n g  t o  improve subsonic L/D f o r  the re turn  f l i g h t  
w i l l  probably have t o  be examined at  higher Mach numbers t o  insure t h a t  some 
o ther  adverse e f f ec t s  do not simultaneously occur, although small decreases i n  
(L/D),= are probably not too important a t  high Mach numbers f o r  t h i s  type 
of vehicle. 
drag r a t i o  can be obtained and some f u r t h e r  improvements may be possible  if 
suf f ic ien t  e f f o r t  i s  expended. 

M = 0.6; and tha t  f o r  the  bes t  con- 
These values are comparable 

Comparison of f igures  23 and 17, 

(L/D)- at  moderate supersonic speeds i s  shown t o  be 

It i s  concluded t h a t  s ign i f i can t  improvements i n  t h e  maximum lift- 

Lateral-directional s t a b i l i t y . -  The outboard mounted v e r t i c a l  t a i l  coupled 
w i t h  i ts outboard cant i s  shown i n  figure 24 t o  have produced a reduction of 
25 percent i n  the  negative e f f ec t ive  d ihedra l  measured on t h e  o r i g i n a l  650 w i n g  
configuration. 
ments however appear t o  be negl igible .  
dihedral of angle of a t tack  i s  i l l u s t r a t e d  by the r e s u l t s  shown f o r  Oo and 12'. 

Marked improvements i n  t h e  d i r e c t i o n a l  s t a b i l i t y  f o r  t h e  modified 6 5 O  w i n g  
For t h e  t a i l -on  case, some 

Differences a t  supersonic speeds between the. two t a i l  arrange- 
The s t rong influence on t h e  e f f ec t ive  

model are  indicated by comparing figures 24 and 18. 
d i rec t iona l  s t a b i l i t y  i s  shown f o r  near ly  all Mach number conditions; however, 
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deter iorat ion w i t h  increasing supersonic Mach number should be noted. 
increase i n  the  t a i l  moment arm of 86 percent f o r  the  modified configuration 
coupled w i t h  an increased toe-in from 3 O  t o  5 O  resul ted i n  an increase i n  
v e r t i c a l - t a i l  effectiveness of about 100 percent compared w i t h  the  or ig ina l  
inboard location. 
s ign i f icant ly  less than those f o r  the  inboard location. 

The 

The e f f ec t s  of both Mach number and angle of a t tack a l so  a re  

Evaluation.- The r e su l t s  of t h e  modified configuration indicated that 
reasonable values of (L/D)- a r e  a t ta inable  and that  posi t ive longitudinal 
s t a b i l i t y  about t h e  assumed center of gravity w a s  obtained. 
marked improvement i n  the  direct ional  s t a b i l i t y  w a s  a l so  shown. However, a 
re-evaluation of t h e  locat ion of the center of gravi ty  f o r  the  modified con- 
f igura t ion  indicated that it would move s igni f icant ly  rearward. Esnployment of 
a more detai led weight analysis with more r e a l i s t i c  un i t  w e i g h t s  than employed 
i n i t i a l l y  showed that the  center of gravity m i g h t  be as far back as 0.9 diameter 
forward of the base ra ther  than the  value of 1.25 diameters i n i t i a l l y  calculated 
and used i n  t h i s  investigation. To cope with a more rearward center of gravity, 
an increase i n  t he  wing taper  r a t i o  coupled with some rearward shif t  of the 
wing would provide a s u b s t a n t i d  increase i n  longitudinal s t a b i l i t y  and would 
allow an improved v e r t i c a l - t a i l  i n s t a l l a t ion .  A lower leading-edge sweep of 
t he  v e r t i c a l  tai l  coupled with an increase i n  t he  area would also be needed. 
Incorporation of some o r  all of these changes would have some adverse e f fec ts  
on the (L/D)- available. 

Furthermore, 

CONCLUDING FEMAFXS 

An invest igat ion has been conducted i n  the Langley 8-foot transonic pres- 
sure tunnel and the  Langley U n i t a r y  Plan wind tunnel t o  ascer ta in  some of the 
a e r o d p a d c  charac te r i s t ics  of bodies and wing-body-tail configurations repre- 
sen ta t ive  of l a rge  payload vertical-take-off reusable o r b i t a l  launch vehicles.  
Test data were obtained fromMach numbers of 0.4 t o  1.2 and f o r  selected con- 
f igura t ions  from Mach numbers of 1.6 t o  2.1 over a range of angles of a t tack  
and a t  s ides l ip  angles of Oo and 50. Test Reynolds number varied from 2 x 106 
t o  4 x lo6. The results indicate  the  following remarks a re  appropriate: 

R 
1. Pert inent  charac te r i s t ics  of t he  flow i n  t h e  base region of a low- 

fineness-ratio body whose base region i s  d is tor ted  by the  presence of rocket 
engines and accompanying shrouding have l e d  t o  methods of shaping the shrouds 
and body base boa t ta i l ing  t o  provide s ignif icant  reduction i n  the  base drag. 

2. Rnployment of highly swept trapezoidal wing planforms w i l l  be required 
t o  obtain pos i t i ve  subsonic longitudinal s t a b i l i t y  for reusable boosters which 
have centers of gravi ty  close t o  the  rear of t he  body. 

3. Wing-tip-mounted v e r t i c a l  f i n s  having la rge  (20 percent o r  grea te r )  
r a t i o s  of f i n  area t o  wing area and w h i c h  employ both outboard cant and toe-in 
have been shown t o  be ef fec t ive  i n  providing posi t ive subsonic and supersonic 
d i r ec t iona l  s t a b i l i t y  f o r  vehicle systems which have la rge  blunt bodies rela- 
t ive  t o  the wing span. 
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4. A'spherical  forebody shape f o r  la rge  low-fineness-ratio bodies i s  

nearly optimum from ze ro - l i f t  drag and longi tudinal  s t a b i l i t y  considerations. 

5 .  M a x i m u m  l i f t -drag  r a t i o s  f o r  reusable boosters of the type considered 
of more than 6.0 can be obtained, and some fu r the r  increases appear t o  be 
possible.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April  18, 1964. 
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of Delta W i n g s  at Mach Numbers Up t o  2.0. 
sedes NACA RM ~ 5 x 6 ~ )  

NASA TN D-545, 1960. (Super- 
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TABLE I. - GEOIYIETRIC CHARACTERISTICS 
[All  dimensions are i n  inched 

(a)  Basic booster 

Body: . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Overall length 14.23 
Diamete r . .  3.17 
Base area 7.88 

4.0 Length/diamet er, cylindrical  body . . . . . . . . . . . . . . . . .  
Moment reference from base . . . . . . . . . . . . . . . . . . . . .  3.96 . 

Flares: 
L e n g t h . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.51 

1 5 O c o n e . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.10 
Parabolic . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.10 
Extension . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.02 

Annular base area - 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ventarea 1.14 

Shrouds: 
Length, l 5 O  and parabolic . . . . . . . . . . . . . . . . . . . . .  2.51 

150 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.72 
Parabolic . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.72 

Base area ( t o t a l  4 shrouds) - 

A f t  e rb ody : 
L e n g t h . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.68 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Base area 3.27 
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TABLE I.- GEOl4LTRIC CHARACTERISTICS - Continued 

(b) Reusable booster with 5 5 O  clipped de l t a  wing 

Body: 
Overall length . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.25 
D i a m e t e r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.17 
Base area . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.88 
Length/diaaeter, cylindrical  body . . . . . . . . . . . . . . . . .  4.0 
Moment reference from base . . . . . . . . . . . . . . . . . . . . .  3.96 

W i n g :  
Total area . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104.93 
Exposed area (approximately 7.5D2) . . . . . . . . . . . . . . . . .  73.13 
Root chord at fuselage juncture . . . . . . . . . . . . . . . . . .  10.58 
Tipchord . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.12 
Span ( t o t a l ) (  4.75D) . . . . . . . . . . . . . . . . . . . . . . . .  15.04 
Span (exposed)(3.75D) . . . . . . . . . . . . . . . . . . . . . . .  11.87 
Leading-edge sweep, deg . . . . . . . . . . . . . . . . . . . . . .  55 
(t/c)max . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.10 

Leading-edge radius . . . . . . . . . . . . . . . . . . . . . . . . .  t m a x  /6 
Trailing-edge thickness . . . . . . . . . . . . . . . . . . . . . .  tmax/3 
Air fo i l  section . . . . . . . . . . . . . . . . . . . . . . .  Circular a r c  
c, based on exposed area . . . . . . . . . . . . . . . . . . . . . .  7.28 
Moment reference . . . . . . . . . . . . . . . . . . . . . . . . . .  0.25c 
Moment reference, distance from body base . . . . . . . . . . . . .  3.96 
Aspect r a t i o  (not including trailing-edge notch) 1.87 

- 

. . . . . . . . . .  
Vert ical  tail: 

Area, e a c h . .  . . . . . . . . . . . . . . . . .  
Root chord . . . . . . . . . . . . . . . . . . .  
Tip chord . . . . . . . . . . . . . . . . . . .  
H e i g h t . .  . . . . . . . . . . . . . . . . . . .  
Leading-edge sweep, deg . . . . . . . . . . . .  
Leading-edge radius . . . . . . . . . . . . . .  
Trailing-edge thickness . . . . . . . . . . . .  
A i r f o i l  section . . . . . . . . . . . . . . . .  
Toe-in, deg . . . . . . . . . . . . . . . . . .  
Cant, deg . . . . . . . . . . . . . . . . . . .  
T a i l  moment arm, center of gravity t o  ( E / & )  t a i l  

(t/c),, . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . .  7.56 . . . . . . . . . .  5.09 . . . . . . . . . .  2.17 . . . . . . . . . .  2.10 . . . . . . . . . .  55 . . . . . . . . . .  0.10 

. . . . . . . . . .  t m a x / 6  . . . . . . . . . .  tmax/3 . . . . . . .  Circular a rc  . . . . . . . . . .  3 . . . . . . . . . .  U . . . . . . . . . .  2.61 
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TABLE I.- GEOMETRIC CHARACTERISTICS - Concluded 

( c )  Reusable booster with 65' swept trapezoidal wing 

Body: 
Overall length . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.25 
Diamete r . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.17 

Length/diameter, cylindrical  body . . . . . . . . . . . . . . . . .  
3.96 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Base area 7.88 
4.0 

Moment r'eference from base . . . . . . . . . . . . . . . . . . . . .  
w i n g :  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Total area 114.23' 

Exposed area (approximately 7.5D2) . . . . . . . . . . . . . . . . .  75.40 
Root chord at fuselage juncture . . . . . . . . . . . . . . . . . .  10.58 
Tip chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.17 
Span, t o t a l  (4.75D) . . . . . . . . . . . . . . . . . . . . . . . .  15.04 . . . . . . . . . . . . . . . . . . . . . .  65 Leading-edge sweep, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.10 (t /c)mm 
Leading-edge radius tmax /6 
Trailing-edge thickness t m 4 3  
A i r f o i l  section . . . . . . . . . . . . . . . . . . . . . . .  Circular a rc  
c based on exposed area . . . . . . . . . . . . . . . . . . . . . .  7.28 
c based on t o t a l  area . . . . . . . . . . . . . . . . . . . . . . .  8.76 
Moment reference, or iginal  . . . . . . . . . . . . . . . . . . . . .  0.25E 
Moment reference, modified . . . . . . . . . . . . . . . . . . . . .  0.17: 
Moment reference, distance from base . . . . . . . . . . . . . . . .  3.96 
Aspect ratio,  design . . . . . . . . . . . . . . . . . . . . . . . .  1.87 

. . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . .  

- - 

Vertical tail: 
Area, e a c h . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.23 
R o o t c h o r d . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.09 
Tipchord . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.17 
H e i g h t . .  2.10 
Leading-edge sweep, deg . . . . . . . . . . . . . . . . . . . . . .  J 65 
(t /c)- .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.10 
Leading-edge radius . . . . . . . . . . . . . . . . . . . . . . . .  tmaXl6 
Trailing-edge thickness . . . . . . . . . . . . . . . . . . . . . .  tmax /3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A i r f o i l  section . . . . . . . . . . . . . . . . . . . . . . .  Circular a rc  

Original . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
M o d i f i e d . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

O r i g i n a l . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.36 
M o d i f i e d . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.11 

Toe-in, deg - 

Cant, deg - 
Original 
Modified 

T a i l  moment arm, center of gravity t o  (F/4) t a i l  - 
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15' conica l  shrouds. L-63-8573 

Parabol ic  shrouds and rocket engines. L-63-8572 

(a)  Basic boos te r  (body alone); sphe r i ca l  nose. 

Figure 3 . -  Representative conf igura t ions  of b a s i c  boos te r  and reusable  boos te r .  
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Figure 11.- Latera l  aerodynamic c h a r a c t e r i s t i c s  of reusable booster  with 5 5 O  clipped d e l t a  w i n g ,  
spher ica l  nose, shrouds, and flyback engine nacel les  both with and without afterbody f a i r i n g .  
B = 00 and 50 .  
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Figure  12.-  Variat ion with Mach number of lon@;i tudinal  s t a b i l i t y  and drag parameters f o r  reusable  
clipped d e l t a  wing and spher ica l  nose including e f f e c t s  of shrouds, nacelles, boos te r  with 
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Figure 13.- Variat ion with Mach number of l a t e r a l - d i r e c t i o n a l  aerodynamic parameters f o r  reusable 
boos te r  with 550 cl ipped d e l t a  wing, spher ica l  nose, l5O conical  shrouds, and flyback engine 
nace l les .  
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Figure 16.- Lateral aerodynamic c h a r a c t e r i s t i c s  of reusable booster  with 6 5 O  swept t rapezoidal  wing, 
s p h e r i c a l  nose, 150 shrouds, without and with flyback engine nacel les ,  afterbody, and v e r t i c a l  
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back engine nacelles, and af terbody.  
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Figure 18.- Var ia t ion  with Mach number of l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  parameters f o r  reusable  
boos te r  with 650 swept t rapezoida l  w i n g ,  spherical  nose, and shrouds showing e f f e c t s  of 
nacel les ,  afterbody, and v e r t i c a l  tai ls .  
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Figure 19.- Longitudinal aerodynamic c h a r a c t e r i s t i c s  of modified reusable  boos te r  with 65' swept 
t rapezoida l  wing moved rearward O.lgD, outboard v e r t i c a l  ta i ls ,  parabol ic  shrouds ro ta ted  45' 
including e f f e c t s  of rocket engines, t ra i l ing-edge  extension, base f a i r i n g ,  with and without 
v e r t i c a l  ta i ls .  p = 00. 
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Figure 20.- Latera l -d i rec t iona l  aerodynamic c h a r a c t e r i s t i c s  of modified reusable  booster  without and 
with v e r t i c a l  t a i l s .  p = Oo and 5 O .  
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Figure 20.- Continued. 
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Figure 20.- Continued. 
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Figure 21.- Supersonic longitudinal aerodynamic characteristics of modified reusable booster without 
and with vertical tails and trailing-edge-extensions. p = 0' and 5 O .  
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Figure 21.- Continued. 
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Figure 22.- Supersonic l a t e r a l - d i r e c t i o n a l  aerodynamic cha rac t e r i s t i c s  of modified reusable boos te r  
without and with v e r t i c a l  tai ls  and t ra i l ing-edge  extensions.  fl = Oo and 5 O .  
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Figure 23.- Variat ion with Mach number of l o n g i t u d i n a l  s t a b i l i t y  and drag parameters for modified 
reusable  booster  including e f f e c t s  of rocket  engines and t ra i l ing-edge  extensions.  
t a i l s  on; p = 00. 
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